Summary. Drosophila melanogaster cells and tissues respond to heat shock by dramatically altering their pattern of transcription and translation, leading to the rapid synthesis of a small number of polypeptides, the heat shock proteins (hsps). By using cloned hsp DNA we have detected sequences complementary to heat shock genes in RNA prepared from non-heat-shocked animals of different developmental stages. Hsp 83 mRNA is present at high levels in all stages examined. Hsp 68 and 70 mRNAs are present at very low levels in most stages and at slightly higher concentration in pupae. Hsp 26 and 27 mRNAs are detected in embryos. Hsp 23, 26 and 27 mRNA are barely detectable in early third instar larvae but are major components of late third instar and early pupal RNA. Hsp 22 mRNA is also detected in early pupae. Later in development the levels of the small hsp mRNAs decrease but a further peak in abundance of hsp 26 and 27 mRNAs is found in mature adult females.
Introduction
Exposure of Drosophila cells or tissues to elevated temperatures, or to a number of other experimental stresses, induces a drastic change in their pattern of protein synthesis (reviewed by Ashburner and Bonner 1979) . While most of the RNA and protein synthesis active before the heat shock is repressed the production of a small number of polypeptides, the heat shock proteins (hsps) is strongly induced (Tissi~res et al. 1974; McKenzie et al. 1975) . The major Drosophila melanogaster hsps named according to their molecular weight in kilodaltons are hsp 83, 70, 68, 27, 26, 23 and 22 . The genes coding for all of these proteins have been cloned and most have been sequenced (Ingolia et al. 1980; T6r6k and Karch 1980; Karch et al. 1981 ; Holmgren et al. 1981 ; Ingolia and Craig 1982b; Southgate et al. 1983) .
Nevertheless the function of the heat shock proteins remains unclear. In several different organisms there is evidence that they protect cells from damage at higher temperatures but the mechanism of this protection is not known.
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Laboratories, Burtonhole Lane, London, NW7 lAD, England ** Permanent address: Institute of Genetics, Hungarian Academy of Sciences, P.O.B. 521, Szeged, Hungary Offprint requests to: L.M.C. Hall An important question concerns the possible role of these proteins in normal metabolism or development. Kelley and Schlesinger (1982) found proteins which cross reacted with chicken hsp 70 and hsp 89 antibodies in a variety of non-heat-shocked animal tissues. Sirotkin and Davidson (1982) reported that hsp 22 and hsp 26 mRNA were abundant in non-heat-shocked late third instar larvae and early pupae of Drosophila. The Drosophila hsp 83 and its mRNA are abundant in non-heat-shocked tissue culture cells (Storti et al. 1980; O'Connor and Lis 1981) . We have undertaken a study of the pattern of expression of the major heat shock genes in Drosophila melanogaster. In this paper we report upon the detection of heat shock protein mRNA sequences in total RNA from non-heat-shocked animals at various developmental stages.
Materials and methods

Plasmids and enzymes.
Restriction enzymes were obtained from New England Biolabs Inc. (Beverly, Mass., USA) and B6hringer (Mannheim, FRG) and used according to the manufacturers recommendations. Construction of recombinant plasmids containing heat shock genes have been described previously in the references given in the legend to Fig. 1 except for pPW227BH1 which consists of the BamHI to HindIII fragment ofpPW227 (Holmgren et al. 1979 ) subcloned into pBR322 using standard techniques. Plasmid DNAs were prepared by CsC1 banding from cleared lysates according to standard procedures.
Selection of staged animals'.
Flies of the Oregon-R stock of Drosophila melanogaster were raised at 20 ° C. Embryos were collected on food trays spread with fresh, living yeast paste. For our embryo sample we took all the embryos collected during 4 h. The larvae were raised at 20°C and in a 12 h light-dark cycle. Four-day-old, early third instar larvae were collected by removing the food from vials and adding a 20% sucrose solution. The larvae from the surface of the solution were taken and those of larger body size excluded. Late third instar larvae were collected as those which had left the food and were on the walls of the vials. All pupal samples were synchronised as white pre-pupae and kept at 20 ° C, early pupae were collected after a further 16 h, midpupae after 60 h and late pupae after 120 h. Freshly eclosed adult males and females were collected within 2 h after eclosion and another sample was taken after 4 days. experiments, and those used in the construction of the subclones, are shown. An EcoRI site was created adjacent to the J(baI site near the start of the hsp 27 gene during subcloning (Southgate et al. 1983 Preparation of RNA and cDNA. RNA was isolated from whole animals of the various stages essentially as described by Kemp et al. (1978) except that we included a precipitation from 3 M sodium acetate pH 6.0 to remove DNA. To prepare high specific activity cDNA 12 lag RNA was incubated for 1 h at 42 ° C in a solution containing 50 mM Tris-HC1 pH 8.0, 10 mM MgC12, 30 mM fl-mercaptoethanol, 70 mM KC1, 0.33 mM dATP, dGTP and TTP, 40 laCi c~-3zP dCTP (2-3,000 Ci/mmol), 0.5 lag oligo (dT) and 10 U reverse transcriptase (Life Sciences Inc.). After hydrolysis of the RNA, unincorporated nucleotides were removed on Sephadex G-75.
Filter hybridisation. DNA was transferred from agarose gels to nitrocellulose filters essentially as described by Southern (1975) . The filters were pre-hybridised for 12 h at 65°C in 4xSSC (SSC is 0.3 M NaC1; 0.03 M Na citrate) 0.1% Ficoll, 0.1% polyvinyl pyrrolidone, 0.1% bovine serum albumin, 0.1% SDS, 0.1% NacP207 and 50 lag/ml denatured calf thymus DNA. Hybridisation was carried out in the same solution containing 210 x 106 dpm cDNA for 36 h at 65 ° C. Following hybridisation, filters were washed thrice in 3 x SSC, 0.1% SDS, and twice in 0.2x SSC, 0.1% SDS, all at 65 ° C. Filters were exposed to X-ray film (Kodak) at -70 ° C with an intensifying screen.
Results
In the experiments presented here we have assayed RNA preparations from various developmental stages of D. melanogaster for the presence of hsp mRNA. To achieve this we have used recombinant plasmids containing the genes for hsp 83 and hsp 68 (Holmgren etal. 1981 ) hsp 70 (Goldschmidt-Clermont 1980) and hsps 22, 23, 26 and 27 (Voellmy et al. 1981 ; Southgate et al. 1983) . Restriction digests of these plasmids were designed to produce an array of fragments on an agarose gel representing all of the genes. The clones and enzymes that we used are shown in Fig. 1 . The gels were blotted onto nitrocellulose and the filters hybridised with radioactive oligo-(dT)-primed cDNA copied from total RNA preparations from staged animals. After stringent washing, the amount of cDNA hybridising to each restriction fragment was determined by autoradiography and densitometry. Under the conditions that we used the mass of cDNA hybridising to each band should be proportional to the concentration of cDNA in the hybridisation solution (Biessmann et al. 1979 ) and also to the amount of DNA in the band. Care was taken to load equimolar amounts of the different plasmids onto each gel and to use the same restriction digests for a set of experiments comparing the various RNA populations. To compare accurately mRNA concentrations between different stages the ideal standard would be a cloned DNA coding for a polyadenylated mRNA which is present at the same concentration throughout development. Because we do not know of a gene which satisfies this criterion we used hsp 83 RNA as our internal standard. This RNA gives a consistently strong signal at all stages of development. Our results are therefore expressed relative to hsp 83 mRNA and are summarised in Table 1 . To show that the relative signal of any two bands is independent of total cDNA concentration we performed controls in which cDNA concentration was varied by 100-fold, and initial RNA concentration was varied by 10-fold. In these experiments the proportion of hsp 23 RNA relative to hsp 83 RNA was measured for late third instar larvae. When the results were compiled, the standard deviation was found to be 20% of the mean value (5.25+_ 1.06), which is in the same range as the variability between duplicated experiments.
The mRNA for hsp 83 then, is present in all stages we have examined. In some experiments, cloned DNA from the actin gene at chromosome interval 5C (Fyrberg et al. 1981) was present on the same filter as hsp 83 DNA (not shown). Hsp 83 mRNA was about two to three-fold less abundant than actin mRNA in all stages from embryos to late pupae but considerably more abundant in adults. Since actin mRNAs are amongst the most abundant mRNAs in many developmental stages and tissues (Fyrberg et al. 1980) we conclude that hsp 83 mRNA is present as a relatively abundant RNA throughout the life cycle of Drosophila. A transcript encoded at 1 kb from hsp 83 (O'Connor and Lis 1981) is also abundant at some stages (TI in Fig. 2 ).
Our results show that some of the genes for the small heat shock proteins are also expressed as major mRNAs during normal development. In embryos we detect significant levels of hsp 26 and hsp 27 mRNAs while in early third instar larvae we can detect only low levels of hsp 23, 26 and 27 mRNAs. In late third instar larvae the concentration of these three mRNAs is dramatically increased and in white prepupae exceeds that of hsp 83 mRNA ( Fig. 2A) . Through puparium formation and in young pupae the levels of these transcripts remains high and we also detect low levels of hsp 22 mRNA. The mRNAs are still present at about the same levels after 60 h (at 20 ° C) of pupal development but their concentration is much lower in late pupae and young adults (hsp 23 mRNA being more abundant than the others in young females). In 4-day-old male flies transcripts of the small heat shock genes are not detected but in female flies of the same age we see a significant accumulation of hsp 26 and hsp 27 mRNAs while those for hsps 22 and 23 are not detected (Fig. 2B) .
We do not detect hsp 68 and hsp 70 mRNAs at the high concentrations found for hsp 23, 26, 27 and 83 but we do find a low level of hybridisation in most stages and a small peak in early pupae. Hsp 68 and hsp 70 are members of a family of related genes that contain some members, hsp 70 cognates, which are expressed during normal development (Craig et al. 1982) . However, at the stringency we used in washing the filters (0.2 x SSC, 65 ° C) hybrids between hsp cognate cDNAs and hsp 70 and 68 DNAs (which show about 70% homology) should not be stable.
Discussion
We have presented evidence that several of the hsp RNAs are present as abundant polyadenylated RNAs at some stages of normal development. Although we have not demonstrated that these sequences are present as mature, cytoplasmic, translatable messengers several studies have shown the presence of heat shock proteins under non-heat-shock conditons. For example hsp 83 is a major component of 25°C tissue culture cells (Mirault et al. 1978; Storti et al. 1980 ) and of a variety of larval tissues (Storti et al. 1980 Fig. 2A , B. Hybridization of azP-labelled cDNA prepared from total RNA of various developmental stages to restriction fragments of DNA from heat shock loci. DNA was transferred from agarose gels such as that shown in Fig. 1 B to nitrocellulose filters. The filters were hybridised, washed and exposed to X-ray film as described in Materials and methods. Tracks are named as in Fig. 1 , and at each stage all tracks derive from a single filter. A Illustrates the detection of hsp 26 and 27 mRNAs in embryos, the increase in the concentration of hsp 23, 26 and 27 mRNAs between early third instar larvae and white prepupae and their lower concentration in late_ pupae. B Shows the high concentration of hsp 26 and 27 mRNAs in female relative to male flies and the absence of hsp 23 mRNA in 4-day-old, relative to freshly eclosed females. (Track d in adult males contains some contaminating DNA, giving rise to a smear, which was eliminated in other experiments). The upper bands in tracks a and e do not contain heat shock genes (see Fig. t ) and are not discussed in detail in this paper culture cells (Velazquez et al. 1983 ) and detect small heat shock proteins in imaginal discs in vivo and after ecdysterone treatment of imaginal discs or cultured cells.
The results indicate that hsp 83 mRNA in all stages, and hsp 23, 26 and 27 mRNA at some stages, are amongst the most abundant transcripts in the cell (as can be deduced by comparison with the abundant actin transcripts). In support of this conclusion Sirotkin and Davidson (1982) isolated DNA from locus 67B in experiments designed to purify the most abundantly expressed genes of young pupae. In a study of the transcripts from 315 kb of DNA in the rosy-Ace region of the D. melanogaster genome the majority of transcripts detected were 10-100 times less abundant than this actin species (Hall et al. 1983) .
The four small heat shock genes are arranged in a single cluster within 11 kb of DNA at locus 67B (Corces et al. 1980; Craig and McCarthy 1980; Voellmy et al. 1981) . The nucleotide sequences of the genes and the derived amino acid sequences suggest that the proteins are, at least to some extent, functionally related and the genes probably have a common evolutionary origin (Ingolia and Craig 1982b; Southgate et al. 1983 ). The four genes, however, show three distinct patterns of expression during development. The transcripts for hsp 26 and hsp 27 are detected in embryos, are abundant in late third instar larvae and throughout most of pupal development; in late pupae and freshly eclosed adults their concentration is low but it is again increased in 4-day-old female, but not male flies. Hsp 23 mRNA is also abundant in late third instar larvae and throughout pupal development; in freshly eclosed female flies we detect this transcript at higher levels than hsp 26 or 27 whilst in four-day-old female and male flies it is undetectable. Hsp 22 also accumulates in early to mid-pupae but at a much lower level than the others and is not detected in adults. and Ireland etal. (1982) showed that the four genes for the small hsps are transcribed in tissue culture cells in response to treatment with ecdysterone. They noted that this is consistent with the increase in abundance of some small hsp mRNAs in late third instar larvae (Sirotkin and Davidson 1982) when ecdysterone titres are high (Handler 1982) . We confirmed that a dramatic increase in concentration of hsp 23, 26 and 27 mRNA takes place between early and late third instar larvae. went on to show that imaginal discs isolated from pupariating larvae could be stimulated to produce small heat shock proteins in vitro by treatment with ecdysterone. In vivo the response is probably not restricted to imaginal discs; Cheney and Shearn (1983) found that hsp 23 is abundant in the larval fat body.
We investigated if there was any correlation between changes in ecdysterone titre and small hsp mRNA accumulation at other stages in the life cycle. We examined heat shock mRNA levels in synchronised pupae 16 h (20 ° C) after puparium formation, when ecdysterone titres are low, and at 60 h when they are high. Apart from a generally lower level of small hsp transcripts in the 60 h pupae there was no great difference between the two stages. However, the biological significance of the mid-pupal ecdysterone peak is not clear.
A different pattern of small hsp gene expression is observed after eclosion. In four-day-old females hsp 26 and 27 mRNAs accumulate in the absence of hsp 23 mRNA. This finding and that of hsp 26 and 27 in embryos are in agreement with the data of Zimmerman et al. (1983) who detected these two mRNAs in ovaries and showed that in embryos these mRNAs were of maternal original. (Since we separated only adults according to their sex we cannot exclude the possibility of sex-specific gene expression at earlier stages).
The heat shock cluster at 67B, therefore, is activated at two distinct stages of development to produce two different sets of hsps. While there is evidence that ecdysterone induces the expression of the small hsps during puparium formation it is unlikely that the hormone is involved in the regulation of hsp synthesis in adults. Firstly a different set of genes is expressed and secondly there appear to be no detectable differences in ecdysterone levels between male and female flies (Handler 1982) . The relationship between ecdysterone and the small hsps may be clarified by studying hsp synthesis in temperature-sensitive mutants deficient in ecdysterone production.
We found high levels of hsp 83 mRNA in total RNA from all stages that we examined, and used the hsp 83 signal as a standard with which to compare the abundance of other transcripts. We should emphasize that we have only looked at polyadenylated hsp 83 mRNA in these experiments; O'Connor and Lis (1981) showed that in 25 ° C tissue culture cells a significant proportion of hsp 83 mRNA is not polyadenylated.
Our finding of the ubiquity of hsp 83 mRNA is consistent with the data of Kelley and Schlesinger (1982) who found the analogous chicken protein in every embryonic tissue that they examined. Hsp 83 is located almost exclusively in the cytoplasm (Mitchell and Lipps 1975; Arrigo 1980; Storti etal. 1980 ) and is very highly conserved throughout evolution (Kelley and Schlesinger 1982; Voellmy et al. 1983 ; see also Schlesinger et al. 1982) . These facts, taken together, suggest the protein may have a structural role in the cytoplasm.
We have found only very low levels of hsp 70 and hsp 68 mRNA in any stage. However these transcripts were detectable, especially in pupae, at about the same concentration found for other "rare" mRNAs in the rosy-Ace region, some of which are associated with vital functions (Hall et al. 1983 ; L.M.C. Hall, unpublished observations). Hsp 70 and hsp 68 are two members of a small family of related genes, only some of which are induced by heat shock (Ingolia and Craig 1982a; Wadsworth 1982) whilst the others, the hsp 70 cognates, are transcribed at normal temperatures (Craig et al. 1982) . Related vertebrate proteins are abundant at physiological temperatures (Kelley and Schlesinger 1982) and appear to be associated with the cytoskeleton (Wang et al. 1981; Hughes and August 1982) . Assuming the hsp 70 cognates are related in function to hsp 70, this function is required in normal development as well as during the response to stress.
